Seroprevalence of human herpesvirus 6 (HHV-6) and HHV-7 infections is very high throughout the world, and almost all people are exposed first to HHV-6 and second to HHV-7 in their childhood. However, it is not clear whether the neutralizing (NT) antibody response between each virus is cross-reactive or not. To elucidate the NT antibody response between each virus, 55 serum samples from an adult group (subjects 22 to 88 years old) and 60 serum samples from a young group (subjects 2 to 18 years old) were examined by a dot blot method for detecting viral late antigen. Thirty-nine serum samples obtained from cord bloods and a few serum samples obtained from pediatric patients with exanthem subitum were also examined to assess the maternal transferred NT antibodies against each virus. The NT antibody titers against HHV-7 in the adult group remained high throughout all the individuals, and none were negative. Those against HHV-6 were high values in the young group but low values, including negative values (three samples), in the adult group. These results suggested that the NT antibody response to either HHV-6 or HHV-7 in each individual was specific to each virus and did not cross-react with each other. In the adult group, the NT antibody response to HHV-6 decreased, while that to HHV-7 remained high throughout all the individuals. Maternal transferred NT antibody titers against HHV-7 were higher and remained longer after birth than those of HHV-6, and these findings were in accord with the clinical observation that HHV-6 infection usually occurs earlier than HHV-7 infection.
Human herpesvirus 6 (HHV-6) (19) and HHV-7 (9) have recently been discovered as etiologic agents of exanthem subitum (roseola). HHV-6 and HHV-7 are T-lymphotropic viruses and have been classified as betaherpesviruses. HHV-6 was first isolated from the peripheral blood lymphocytes of patients with AIDS (19) and has been divided into two variants, HHV-6A and HHV-6B (1, 2) . HHV-7 was first isolated from the peripheral blood lymphocytes (9) and the saliva of healthy adults (5, 10, 12, 23, 27) . Clinically, HHV-6B and HHV-7 are the common etiologic agents of exanthem subitum (roseola) (24, 29) , but diseases caused by HHV-6A are less apparent. While diseases caused by primary infection of either HHV-6 or HHV-7 in childhood are usually not fatal, HHV-6 and HHV-7, as well as the other members of the herpesviruses, are thought to establish latent, life-long infection. It has been reported that HHV-6 may contribute to life-threatening diseases in immunosuppressed conditions such as organ transplant and AIDS (3, 4, 6, 7, 16) and to drug-induced hypersensitivity syndrome (8, 21, 22, 25) . Several investigators have reported that HHV-7 is easily isolated from the saliva of individuals who have antibodies to HHV-7 (10, 23) . However, it is unknown which diseases can be caused by reactivated HHV-7.
Serologic studies showed that seroprevalence of HHV-6 and HHV-7 infections are very high throughout the world and that almost all people are exposed first to HHV-6 and second to HHV-7 in their childhood (17) . Several serologic studies for detection of antibodies to either HHV-6 or HHV-7 were performed by indirect immunofluorescent (IF) antibody assay (IFA), enzyme-linked immunosorbent assay (ELISA), neutralization, radioimmunoprecipitation, and Western blotting (11, 17, 28) . The neutralizing (NT) antibody response is thought to be important in preventing infection from these viruses. However, there have been few comparative studies among these reports on the humoral antibody response between HHV-6 and HHV-7, and none has reported on the cross-reactive response based on the NT antibodies between HHV-6 and HHV-7 in individuals. These facts prompted us to investigate the cross-reactive response of NT antibodies between each virus and to assess the maternal transferred NT antibodies. In this report, we thought that it was important to determine the degree of immunological cross-reactivity between HHV-6 and HHV-7 based on the NT antibodies, which have taken an important role in the prevention of infection. In order to assess the antibody response to each virus, we established a dot blot method for detecting the NT antibody (26, 28) and an ELISA method for detecting the immunoglobulin G (IgG) and IgM antibodies (32) . Here, we describe the following. (i) NT antibody responses between HHV-6 and HHV-7 are specific and do not cross-react to each other. (ii) NT antibody response to HHV-6 decreases with aging, while that to HHV-7 is maintained highly throughout all individuals of all ages. (iii) Maternal transferred NT antibodies against HHV-6 and HHV-7 contribute to the sequential infection between each virus.
MATERIALS AND METHODS
Serum samples. Sixty serum samples were selected from healthy individuals in different age groups from 2 to 18 years old (as the young group) who had had a medical examination within the 3 months from February to May in 1998 at Shingu Municipal Hospital, Shingu, Japan. Fifty-five serum samples were also selected from healthy individuals in different age groups from 22 to 89 years old (as the adult group) who had had a medical examination within the 3 months from February to May in 1996 at Tsukazaki Hospital, Himeji, Japan. Thirty-nine serum samples obtained from cord blood specimens were selected to evaluate the maternal NT antibody, which was collected in January 2001 at Sun Clinic, Okayama, Japan under informed consent from the mothers. Sequential serum samples were obtained from five pediatric patients with exanthem subitum who were 1 month to 1.5 years old and who had had a medical examination within the 4 years from 1992 to 1996 at Shingu Municipal Hospital under informed consent from their mothers. Thirty serum samples from pediatric patients from 5 months to 1.7 years old who were negative for either anti-HHV-6 or -7 antibody described below were selected as negative reference samples for determining the cutoff values for the ELISA for IgG [ELISA(IgG)] and ELISA(IgM). These samples were also collected at Shingu Municipal Hospital under informed consent from the mothers. All of the serum samples were stored at Ϫ20°C before use.
Host cells. Fresh cord blood mononuclear cells (CBMCs) were prepared by centrifugation through a Ficoll-Conray gradient from heparinized samples and cultured for 3 days in RPMI 1640 medium containing 10% heat inactivated fetal bovine serum, recombinant human interleukin-2 (0.1 U/ml; GIBCO BRL Life Technology Inc., Grand Island, N.Y.), and phytohemagglutinin (5 g/ml; Sigma Chemical Co., St. Louis, Mo.) at 37°C in a 5% CO 2 incubator. After 3 days, the CBMCs were infected with the virus and cultured for different experiments in RPMI 1640 medium containing the above reagents.
Preparation of virus stocks. The Z29 strain of HHV-6B and the SB strain of HHV-7 were used throughout this study and prepared as described elsewhere (26, 31) . The cells infected with each virus were cocultivated with uninfected cells at a ratio of 1:5 for 7 days. Virus stocks were prepared by centrifugation of the culture fluids at 2,000 ϫ g for 10 min and stored at Ϫ80°C. Titration of the virus stocks was performed by an end point dilution method using a dot blot assay (30, 31) . In brief, 25 l of the CBMCs (adjusted to 5 ϫ 10 6 cells/ml) was divided into each well of a 96-well microtiter U-bottom plate. The CBMCs were then infected with 25 l of the virus preparation (in 10-fold dilution series) and incubated for 7 days at 37°C in a 5% CO 2 incubator. After incubation, the supernatant medium was removed and the cells were washed with phosphate-buffered saline (PBS) (pH 7.4). A dot blot assay to detect the viral antigens is described below. After treatment with Lumi-Phos 530, the membrane was exposed to Fuji RX-U film. The 50% cell culture infectious dose was calculated according to the method of Reed and Muench (18) .
IFA. An IFA described elsewhere (30) was performed to determine the titer of either anti-HHV-6 or -7 antibody in human serum samples. In brief, HHV-6-or -7-infected CBMCs were mounted on a 14-well slide, dried, and kept at Ϫ20°C in a freezer before use. Each serum was diluted 1:10 in PBS to prevent nonspecific reactions, and then twofold serial dilutions of the 1:10-diluted samples were made. The diluted samples were applied to each well of the slide fixed with acetone. The slides were incubated at 37°C for 30 min and washed in PBS for 15 min three times. The fluorescein isothiocyanate-conjugated goat anti-human IgG F(abЈ) 2 antibody (Cappel, West Chester, Pa.) was diluted 1:100 in PBS and added to each well of the slide. After 30 min of incubation at 37°C, the slides were washed and examined with a fluorescence microscope. The end point of the positive fluorescence was determined visually at a low magnification, and the IFA antibody titers were calculated as the reciprocal of the serum dilution.
Dot blot method for determining the NT antibody titers to HHV-6 and HHV-7. A dot blot method described elsewhere (26, 32) was performed to determine the titers of NT antibody to HHV-6 and -7. In brief, 25 l of serial twofold serum dilutions or medium without sera (control) were prepared on each well of a 96-well microtiter U-bottom plate and mixed with equal volumes of virus strains of HHV-6 or HHV-7 containing 2 ϫ 10 4 50% tissue culture infectious doses/ml. After the microtiter plate was incubated for 1 h at 37°C in a CO 2 incubator, 50 l of CBMCs (2.5 ϫ 10 6 cells/ml) was added to each well and centrifuged at 800 ϫ g for 1 h. For removing the added sera, 100 l of medium was added to each well of the plate and centrifuged at 800 ϫ g for 5 min, and about 180 l of the supernatant was aspirated. Two hundred microliters of medium was added to each well of the plate, and the microtiter plate was incubated for 7days at 37°C in a CO 2 incubator.
To monitor the virus growth in each well, a dot blot antigen detection was performed as described previously (26, 30) . In brief, after 7 days of incubation the microtiter plate was centrifuged at 500 ϫ g for 10 min. The supernatant medium was removed and the cells were washed with PBS including Mg 2ϩ and Ca 2ϩ [PBS(ϩ)] (pH 7.4). One hundred and eighty microliters of lysis buffer (20 mM Tris, 0.5 M NaCl, and 0.5% Nonidet P-40 [pH 7.5]) was added to each well. The cell lysates were spotted onto a nylon membrane (Boehringer Mannheim Biochemica, Indianapolis, Ind.), washed with blocking solution, and incubated with one of the monoclonal antibodies (MAb) described below overnight at 4°C. The membrane was washed, incubated with anti-mouse IgG-alkaline phosphatase conjugate (Sigma Chemical Co.), treated with Lumi-Phos 530 (Boehringer Mannheim Corporation), and exposed to Fuji RX-U film.
MAb. MAb to HHV-6 and HHV-7 were established in our laboratory (26) and characterized by radioimmunoprecipitation. For monitoring HHV-6 replication, MAb TK-2, which recognizes a 135-kDa late polypeptide, was used. MAb TK-2 reacts to both variants of HHV-6. For HHV-7, MAb IK-3, which recognizes a 125-kDa corresponding polypeptide, was used. MAb IK-3 is specific to HHV-7.
Antigen preparation for ELISA. The CBMCs infected with each virus of HHV-6 (Z29 strain) or HHV-7 (SB strain) were cultured for 5 to 7 days and harvested in 15-ml conical tubes at the period when the numbers of IF positive cells had reached almost 80%. The infected cells were pelletted down by centrifugation at 800 ϫ g for 10 min, washed with PBS(ϩ) (pH 7.4), and then centrifuged. The lysis buffer (20 mM Tris, 0.5 M NaCl, and 0.5% Nonidet P-40 [pH 7.5]) was added to each pellet at four times the pellet volume. The uninfected CBMCs were cultured for 6 days and prepared for control antigen the same way as described above.
ELISA. Wells of a microplate (Nunc Immunoplate II; Nunc, Aarhus, Denmark) were coated with 50 l of appropriate dilutions in PBS(ϩ) of each virus or control antigen overnight at 4°C. After coating, the wells were washed and blocked for 30 min at room temperature by adding 200 l of the blocking solution [PBS(ϩ) containing 5% skim milk]. After discarding the blocking solution, 50 l of serum diluted in the blocking solution (1:100 for IgG and 1:25 for IgM) was added to wells of the plate and incubated at 37°C for 2 h. The plate was washed five times with 200 l of the blocking solution. Then, 50 l of alkaline phosphatase-conjugated goat anti-human IgG (␥-chain specific) F(abЈ) 2 fragment (Sigma Chemical Company) or alkaline phosphatase-conjugated goat antihuman IgM (-chain specific) F(abЈ) 2 fragment (Sigma Chemical Company) diluted in the blocking solution (1:1,000) was added to each well of the plate. After 2 h of incubation at 37°C, the plate was washed five times with 200 l of the blocking solution and twice with PBS(ϩ). Seventy-five microliters of substrate, p-nitrophenylphosphate in diethanolamine buffer (alkaline phosphatase substrate kit [Bio-Rad]) was added to each well of the plate, and the plate was incubated at 37°C for 1 h. Then, the reaction was stopped by adding 75 l of 0.4 M NaOH, and the absorbance of each well at 405 nm was read with the microplate reader (model 550; Bio-Rad). The results (net absorbance) were expressed as the absorbency reading of each of the viral-antigen-coated wells minus the absorbency reading for the wells coated with control antigen.
For ELISA(IgG) antibody, the absorbance readings (mean Ϯ standard deviation [SD]) for HHV-6 and HHV-7 obtained from about 30 negative reference serum samples of pediatric patients were 0.052 Ϯ 0.067 and 0.027 Ϯ 0.034, respectively. All of the samples studied were negative for IF and NT antibody titers against HHV-6. These samples were also negative for IF antibody against HHV-7, and for eight of these samples the titer of NT antibody against HHV-7 was under 1:8. Studied samples with net absorbance readings of Ն3 SD above the mean absorbance of the negative reference sera were considered reactive for anti-HHV-6 or HHV-7 antibody. The cutoff values for HHV-6 and -7 were determined with the absorbance readings of 0.26 and 0.13, respectively. For ELISA(IgM) antibody, about 20 negative reference serum samples which were negative for IF, NT, and ELISA(IgG) antibodies against HHV-6 and HHV-7 were selected from reference sera for ELISA(IgG) antibody. The absorbance readings (mean Ϯ SD) for HHV-6 and HHV-7 obtained from these sera were 0.049 Ϯ 0.030 and 0.033 Ϯ 0.027, respectively, and the cutoff values for HHV-6 and -7 were determined with the absorbance readings of 0.14 and 0.12, respectively.
RESULTS
NT antibody responses against HHV-6 and HHV-7 do not cross-react with each other. First, we compared the NT, IF, and ELISA(IgG) antibody titers against HHV-6 and HHV-7 in 115 serum samples, including 55 serum samples from the adult group and 60 serum samples from the young group. A histogram based on each antibody titer against these viruses is shown in Fig. 1 . The NT antibody responses against HHV-6 and HHV-7 showed different distributions between each virus.
VOL. 9, 2002 NT RESPONSES BETWEEN HHV-6 AND -7 DO NOT CROSS-REACT 389
The NT antibody titers against HHV-7 were high throughout individuals of all ages, ranging from 1:8 to 1:Ͼ512 (geometric mean titer ϭ 2 5.64 ). A few samples were negative for those antibodies in the young group, but none were negative in the adult group. In contrast, the NT antibody titers against HHV-6 in the young group (geometric mean titer ϭ 2 4.52 ) were high and comparable to those of HHV-7 in the young group (geometric mean titers ϭ 2 5.63 ), while significantly low titers, including negative titers (ranging from 1:Ͻ1 to 1:64), were observed in the adult group (geometric mean titer ϭ 2 2.64 ). No significant difference in distribution patterns of either IF antibody or ELISA(IgG) antibody titers was observed between HHV-6 and HHV-7, although these distribution patterns were generally higher in the young group than in the adult group. Second, to further elucidate the humoral antibody responses between HHV-6 and HHV-7 in each individual, we analyzed the scattergrams based on the NT, IF, and ELISA(IgG) antibodies between each virus (Fig. 2) . The NT antibody responses between each virus were distinct in each individual. The sera with high titers of anti-HHV-7 antibodies do not always have high titers of anti-HHV-6 antibodies, while some sera negative for anti-HHV-6 NT antibodies have high titers for anti-HHV-7 antibodies. Namely, the NT antibodies between HHV-6 and HHV-7 did not correlate in each individual (Wilcoxon signed rank test, P Ͻ 0.01; Spearman rank correlation, P Ͼ 0.01). Figure 2 shows that the IF and ELISA(IgG) antibody titers in each individual did not apparently correlate either.
These results revealed that the NT antibody response to either HHV-6 or HHV-7 in each individual was specific to each virus and that they did not cross-react with each other.
Maternal transferred NT antibodies against HHV-6 and HHV-7 contribute to the sequential infection between each virus. First, 39 serum samples obtained from cord blood specimens were used to evaluate the NT antibody titers against HHV-6 and HHV-7 transferred from mothers to children (Fig. 3) . The transferred NT antibody titers against HHV-7 (geometric mean titer ϭ 2 7.03 ) were higher than those against HHV-6 (geometric mean titer ϭ 2 5.22 ) among almost all the samples. The ELISA(IgG) antibody titers of antibodies to HHV-6 and HHV-7 did not represent a significant difference (data not shown). These agree well with the results described above.
Second, we monitored the NT antibody titers against these viruses in five children with exanthem subitum. The ELISA(IgM) antibodies, as well as the IF antibody and ELISA(IgG) antibodies, were also examined to determine the primary infection of these viruses, and the results are shown in Fig. 4 . The titers of NT antibody against HHV-7 in early time point samples obtained sequentially were maintained higher than those of HHV-6 among three samples (samples 1, 15, and 22, shown in Fig. 4 ). Among them, two samples (samples 1 and 22) represented seroconversion against HHV-6 after the NT antibody titers decreased to almost negative values. The ELISA(IgM) antibody response against HHV-6 was detected temporally at the same time of elevation of the NT and IF antibodies and just before elevation of the ELISA(IgG) antibodies. One sample (sample 15, shown in Fig. 4) revealed reversion of antibody titers between the NT and IF antibodies. The titers of NT antibody against HHV-6 were lower than those of HHV-7 and almost negative, while the titers of IF antibody against HHV-6 were higher than those against HHV-7. These data suggest that the IF antibody response is not useful to elucidate the transferred antibody that prevent infection with these viruses. In the case of two samples (samples 10 and 27, shown in Fig. 4) , the NT antibodies against HHV-6 were maintained higher than those of HHV-7. It was difficult to determine which was the transferred antibody from the mother or the primary infection of HHV-6. However, these two samples revealed an apparent seroconversion against HHV-6, because the ELISA(IgM) antibodies were found in the first point of the sequentially obtained samples. In the case of sample 10, the patient was diagnosed with exanthem subitum twice. These data revealed that this patient experienced exanthem subitum caused first by HHV-6 infection and second by HHV-7 infection.
It is not easy to collect serum samples from subjects within 6 months after birth. In this work, only 15 serum samples were obtained from eight patients in this periods. We have calculated the geometric mean titers of these samples. Among them, 7 serum samples were apparently negative for HHV-6 and 11 NT RESPONSES BETWEEN HHV-6 AND -7 DO NOT CROSS-REACTserum samples were also negative for HHV-7. The geometric mean titers of antibodies against HHV-6 and HHV-7 were 2 1.10 and 2 2.14 , respectively. We also selected serum samples within 3 months after birth which were apparently negative for both viruses and calculated the geometric mean titers. The geometric mean titers were 2 1.26 and 2 4.04 for HHV-6 (three serum samples) and HHV-7 (five serum samples), respectively. Within 6 months after birth, two patients experienced exanthem subitum caused by HHV-6. In case of one patient (data not shown), it occurred within 3 months, and HHV-6 was isolated from peripheral blood mononuclear cells. Although sample numbers were not enough to conclude that the protective effect of HHV-7 maternal transferred NT antibody plays a role, these results suggested that the average titer of NT antibodies against HHV-7 in cord blood was approximately 2 logs higher than those against HHV-6 and that HHV-7 maternal transferred NT antibodies were maintained higher than those of HHV-6 within 6 months after birth.
These results suggested that the maternal transferred NT antibody response to HHV-7 was maintained at a high level from just after birth and was delayed in decreasing, while those to HHV-6 were maintained at considerably lower levels from just after birth and decreased faster than those to HHV-7. These findings were in accord with the clinical observation that HHV-6 infection usually occurs earlier than HHV-7 infection.
DISCUSSION
Seroepidemiology of HHV-6 and HHV-7 has been based on the antibody titers determined by the IFA or ELISA methods. There have been some reports on the NT antibody assay for HHV-6, conventionally determining the end points by cytopathic changes or IF. A few of these were comparative studies of the titers of NT antibodies against HHV-6 and HHV-7 in each individual (26, 32) . In the present study, we performed a dot blot method for viral late antigen detection to assess the NT antibodies described elsewhere (26, 32) , because this method takes advantage of a reliable, reproducible and visible end point. This report precisely demonstrated the humoral immune responses based on the NT antibodies between HHV-6 and HHV-7 in each individual. The results suggest that the immunological cross-reactivity between HHV-6 and HHV-7 is not exhibited in the NT antibodies and that the neutralizing epitopes of these two viruses are apparently distinct (14, 20) . Serologic studies also showed that almost all individuals are exposed first to HHV-6 and second to HHV-7 in their childhood, acquire the NT antibodies against these viruses, and keep them at high levels for 2 or 3 decades after primary infection (11, 13, 17, 28, 32) . However, an interesting result in the present report was that the NT antibody response to HHV-6 was kept at significantly lower level than that to HHV-7. The continuation at high levels of anti-HHV-7 NT antibody titers may contribute to the finding that it was easy to isolate HHV-7 from adult saliva (10) . In contrast, it was difficult to isolate HHV-6 from any source in healthy adults, while HHV-6 DNA was detected in adult saliva by PCR as well as HHV-7. That is, these results suggested that the continuous reactivation of HHV-7 might have an important role for keeping the NT antibody response at a high level. Serological investigation based on the NT antibody against HHV-6 will become a useful tool to determine the reactivation of HHV-6, because of the lower levels of anti-HHV-6 NT antibody response. Recently, drug hypersensitivity syndrome (DHS), which is a severe idiosyncratic reaction associated with drug therapy, has focused on the relationship with the reactivation of HHV-6 (8, 21, 22, 25) . We plan a retrospective study to investigate the reactivation of HHV-6 associated with DHS using sera obtained from DHS patients.
In this report, we demonstrated that maternal transferred NT antibodies have an important role in preventing infection with each virus and that the levels of these transferred-NT antibody titers contributed to the sequential infection with each virus; namely, HHV-6 infects first and HHV-7 infects second. We also used the sera obtained from cord blood specimens to examine the maternal transferred NT antibody against HHV-6 and HHV-7 and demonstrated that maternal transferred NT antibodies against HHV-7 are maintained at much higher levels than those against HHV-6. These data are in accord with the results in paired sera obtained from mothers and cord blood specimens based on the IFA (15) . These facts support the notion that infants after birth are protected from infection with these viruses by maternal transferred NT antibodies and acquire the primary infection after a decrease in these transferred NT antibodies.
